Abstract In this paper, the resistivity of bilayer manganite LaSr 2 Mn 2 O 7 around the metalinsulator-like transition was systematically calculated as a function of temperature and applied magnetic field. A typical mathematical function (Gauss function) was used for fitting the experimental data. The theoretical values simulated in this work such as -metal-insulator transition temperature (T p ) and maximum resistivity (q max ) showed promising agreement with the experimental data. 
Introduction
The revelation that manganite perovskites demonstrate extreme changes in electrical resistivity upon the application of an external magnetic field is called the colossal magnetoresistance effect (CMR) or the magneto-resistance effect (MR). This can create some technological applications such as magnetic sensors and recording media as well as magnetic refrigerator applications near room temperature in moderated magnetic fields (Ramirez, 1997; Panwar et al., 2015; Isaac et al., 1998; Ehsani et al., 2016 Ehsani et al., , 2013 Liu et al., 2013) . The correlation between magnetic and electrical properties was explained via a double exchange (DE) mechanism as a ferromagnetic coupling between the Mn 3+ (t 2g 3 e g 1 ) and Mn 4+ (t 2g 3 e g 0 ) spins which is generally used to explain the CMR phenomena observed in these manganites (Zener, 1951; Goodenough et al., 1955; Anderson and Hasegawa, 1955) . Different transport mechanisms have been suggested to explain the semi-conductor-like behavior of resistivity of layered manganites at high temperatures (Nair and Banerjee, 2004; Chen et al., 2002 Chen et al., , 2003 Moritomo et al., 1996; Gupta et al., 2007) . Studying the temperature dependence of resistivity on doped La 2À2x Sr 1+2x Mn 2 O 7 and other layered manganites has been the subject of numerous works (Nair and Banerjee, 2004; Feng et al., 2005; Zhang et al., 2004a,b; Seshadri et al., 1997; Mitchell et al., 2001; Ehsani et al., 2013) . The hopping conduction mechanism and its related electrical parameters in the double-layered LaSr 2 Mn 2 O 7 manganite in the intermediate temperature regions T < h D /2 and T > h D /2 (h D is Debye's temperature) have been frequently reported (Feng et al., 2005; Yaremchenko et al., 2008; Ang et al., 2006; Ehsani et al., 2012a,b) . However, a model that can describe the carrier transport behavior of manganites as a function of temperature around the electrical phase transition has not been reported.
Due to several application purposes, evaluation of the parameters such as electrical resistivity (q), maximum resistivity (q max ), and metal-insulator transition temperature (T p ) is considered of great importance (Ramirez, 1997; Panwar et al., 2015; Isaac et al., 1998; Ehsani et al., 2016; Liu et al., 2013; Al-Habahbeh et al., 2016) . For example, noticeable changes in magnetic entropy happen around metal-insulator transition temperature (T p ) in magnetic refrigeration (Ehsani et al., 2013) . In addition, the correlation between the change of resistivity and T p shifting due to applied-magnetic field will provide beneficial information for purposes such as designing and examining theoretical models for describing similar materials.
In this paper, the mathematical function proposed by Changshi was used for La 0.5 Ca 0.5 MnO 3 and La 0.8 Sr 0.2 MnO 3 manganites (Changshi, 2011) . Then, prediction of the metalinsulator transition temperature and maximum electrical resistivity reduction caused by the applied magnetic fields from 0 to 9 T was made.
Experimental procedure
LaSr 2 Mn 2 O 7 fine powders were prepared by Pechini sol-gel process. The experimental details for their preparation and characterizations have been reported earlier (Ehsani et al., 2013 (Ehsani et al., , 2012a . It was found that the samples synthesized at pH = 7 in the sol-gel preparation with the calcination temperature of 1000°C and sintering temperature 1450°C had the best growth conditions.
The structural analysis shown in Fig. 1 demonstrated that every X-ray reflection can be indexed using the Sr 3 Ti 2 O 7 -type (327-type) tetragonal structure with an I4/mmm space group. Moreover, the morphology of the sample obtained by SEM analysis which can be seen in inset of Fig. 1 confirmed the formation of the continuous grains with micron scale (Ehsani et al., 2012a,b) .
As it can be seen from Fig. 2 , the energy dispersive analysis of X-ray (EDAX) analysis was performed in order to verify the existence of all elements in the present compound. From the EDAX spectra, La, Sr, Mn, and O can be identified as the constituent elements of all samples, which confirms that there was no loss of any integrated element after the heat treatment.
For the sample, the average La:Sr:Mn:O atomic ratios were found to be 0.083:0.183:0.178:0.55, respectively. The elemental La:Sr:Mn:O ratio is close to the expected ratio (0.08:0.17:0.17:0.58).
For measuring the temperature dependence of resistivity under various applied magnetic fields, the sample with a rectangular shape (2 Â 2 Â 10 mm) has been put on a standard PPMS (Physical properties measurement system-model 600) sample pucks and, then, the temperature and magnetic field dependence of resistance measurements with high accuracy (±0.0001) were performed. Resistance data were converted systematically to resistivity and the temperature dependence of resistivity was investigated.
Results and discussion
Temperature dependent resistivity of LaSr 2 Mn 2 O 7 polycrystalline sample was measured in the applied magnetic field range of 0 T < B < 9 T. The experimental data near the metal-insulator transition temperature within the temperature range of 110 K < T < 210 K are illustrated in Fig. 3 .
At temperatures higher than the metal-insulator transition temperature, the resistivity of the specimen was reduced by increasing the temperature, and below the metal-insulator transition temperature was increased by increasing the temperature. The insulating and metallic behaviors of the LaSr 2 Mn 2 -O 7 can be clearly observed in Fig. 3 around the transition area.
The metal-insulator transition temperature shifted toward the higher temperatures in the presence of an applied magnetic field and the resistivity magnitude of the specimen was also dramatically reduced.
These behaviors were probably observed, because the spin of the surrounding ions became parallel and disciplined after Figure 1 Room temperature XRD patterns (red) and Rietveld profiles (black), inset SEM micrograph of the sample. applying the magnetic field so that the probability of the electrons hopping from Mn 3+ to near Mn 4+ had increased; therefore, the electrical resistivity of the specimen was reduced.
The physical models mentioned in the introduction section are not able to describe the electrical behavior of the specimen near the metal-insulator transition temperature. Therefore, it seems that in order to describe such behaviors for further potential applications, a mathematical model may be used systematically.
Prediction of the magneto resistance of La 0.5 Ca 0.5 MnO 3 and La 0.8 Sr 0.2 MnO 3 manganites via temperatures and a magnetic field based on a mathematical approach was reported by Changshi (2011) . They used a typical numerical method with a nonlinear curve fitting for the quantitative analysis. According to their suggestion, this approach may be useful for finding or understanding the properties of other manganites using the mathematical method. In this procedure, the Gauss function is used to find a mathematical approach for describing some electrical properties of the specimen.
Gauss function is given in Eq. (1) (Changshi, 2011) :
where q(T u ) A, T d , and w are constants obtained from the fitting process.
If the Gauss function is available in order to predict the electrical resistivity (q) of LaSr 2 Mn 2 O 7 in all the temperature ranges, then the minimum value of q will be given by qðTj T!1 Þ. Therefore, the physical significance of q(T u ) is the electrical resistivity of the manganite at high temperatures.
The maximum value for q using non-linear fitting is given in Eq. (2): Resistivity of bilayer manganite
Hence, Eq.
(1) will be modified as:
The experimental data in Fig. 3 were fitted using Eq. (3). Fitting lines are shown in Fig. 3 and the results are presented in Table 1 .
The correlation coefficients (R 2 ) of the simulated data with experimental data and average relative errors are shown in Table 1 . The correlation coefficient, which was close to 1, with a low relative error showed promising correlation between experimental data and the used fitting function. Comparison between the peaks of the experimental data and the magnitude of T d , calculated from fitting with Gauss function, demonstrated that the behavior of T d was in good agreement with the metal-insulator transition temperature, T p .
Therefore, by calculating the appropriate Gauss function form for other magnetic fields, the metal-insulator transition temperature could be simply predicted.
As can be seen from Fig. 3 , by increasing the applied magnetic field, the electrical resistivity of the specimen was reduced. Maximum reduction in the magnitude of resistivity occurred around the transition temperature.
Dependency of q max on the applied magnetic field is shown in Fig. 4 . The best fitted results demonstrated that the logistic function (4) could properly describe the quantitative relationship between the magnetic field (B) and q max using the nonlinear fitting method.
where A 1 , A 2 , and B a are constants and will be calculated using fitting processes. The correlation coefficient between the measured q max which was calculated by fitting was 0.998. Logistic function (4) properly describes the experimental behavior of maximum electrical resistivity of LaSr 2 Mn 2 O 7 . Using this model, it can be seen that maximum electrical resistivity was reduced with increasing the applied magnetic field, which could verify that by increasing the applied magnetic field, the density of the charge carriers would increase; hence, the electrical resistivity of the specimen would be reduced. Therefore, using Eq. (4) for predicting the maximum electrical resistivity, before applying magnetic field, could be very useful to adjust the magnitude of the field. Another application of this approach can be in designing magnetic sensors.
Effect of the magnetic field on metal-insulator transition temperature, T p , is represented in Fig. 3 . As can be seen, by increasing the applied magnetic field, T p was shifted toward higher temperatures. In the preceding works, it has been seen that T p of a manganite is related to the applied magnetic field. In order to derive the relationship between T p and applied magnetic field, the measured values of T p from Fig. 3 are shown in Fig. 5 as a function of the applied magnetic field, B .
The equation that describes this relationship in two different magnetic field ranges is given by Eq. (5):
Although the behavior of the magnetic field-dependent T p shown in Fig. 5 seems to be mathematically complicated, in investigating the spectra of the electrical resistivity of this specimen, it can be seen that data between the magnetic field range of 0-3 T can be fitted very well with the asymptotical Eq. (6):
The correlation coefficient between the fitted and measured T p in this range was 0.992.
In higher magnetic fields, the behavior of T p could be described with linear Eq. (7):
The correlation coefficient between the measured and fitted T p under the fields higher than 3 to 9 T was 0.956.
Asymptotical equation provides a satisfying description for the relationship between T p and magnetic field. The shifts of the transition temperature of the specimen caused by the applied magnetic field may occur because of the reduction in the charge barrier delocalization caused by applied magnetic field in weaker fields, which could result in reducing the electrical resistivity of the specimen. The applied magnetic field caused a local spin ordering and because of this ordering, the ferromagnetic state of the metal region could overcome the insulator regiment (charge ordering in this specimen). Therefore, the conducting electrons ðe 1 g Þ were completely polarized within the magnetic domains and could easily trans- port between manganese and oxygen pairs; so, T p was shifted to higher temperatures. It seems that the theoretical results for T p derived from Eq. (7) were proportional to the experimental results from Table 1 . Hence, it can be concluded that magnetic field and metal-insulator transition temperature were correlated. Therefore, using Eq. (7) for investigating the potential shifts of T p by applying magnetic field seems to be useful. Also, Eq. (7) can be used in order to predict T p before applying the magnetic field. Designing and building temperature-based sensors using Eq. (7) will be possible as well.
Conclusion
In this paper, electrical resistivity of the bi-layered manganite LaSr 2 Mn 2 O 7 in the temperature range around the metal-insulator transition temperature was fitted using Gauss function. Based on the current investigations, it was found that Gauss function not only could describe the behavior of the electrical resistivity as a function of temperature in the measured area, but could also predict some electrical behaviors of LaSr 2 Mn 2 -O 7 . Using this mathematical model on the experimental data of this specimen along with its proper accommodation may Resistivity of bilayer manganitealso make finding the relationships between the magnetic field and metal-insulator transition temperature for other similar manganites possible.
